Abstract
Introduction
Haze episodes in China occur frequently, causing extensive public and scientific concern. 1, 2 Haze particles exert a severe influence on not only human health and air quality, 2 but also the climatic system. 3 The main cause of this haze is the rapid or persistent enhancement of fine particle (PM2.5, i.e., particles with an aerodynamic diameter less than 2.5 μm) concentrations in the air, accompanied by relatively stable synoptic conditions. These PM2.5 particles can either be emitted from local sources or transported from other regions through atmospheric movement.
Carbonaceous aerosols account for a large fraction of PM2.5 particles (∼20−90%) 4 and are considered to be a vital constituent controlling the formation and evolution of haze episodes. Extremely high concentrations of carbonaceous aerosols (∼100 μg C/m 3 ) have been recorded during typical haze days in northern China, 5 as well as in southern 6 and central China. 7 carbon (WSOC) mainly comprises compounds with polar functional groups, such as polyols, and (poly-)carboxylic acids; 9 these chemicals are mainly derived from primary biomass burning and SOC. 10, 11 For episodes with limited biomass burning activity, WSOC is frequently used as an SOC tracer. 10, 12 Water-insoluble organic carbon (WIOC) includes alkanes, polycyclic aromatic hydrocarbons, plant debris, and bacteria. Although carbonaceous aerosols play an important role in air pollution and haze formation, knowledge of their emission sources and atmospheric behavior (including the characteristics of biomass vs fossil fuel emissions and the differences between primary and secondary sources) are still poorly understood.
Radiocarbon ( 14 C) measurements allow unambiguous differentiation between fossil and nonfossil sources. The underlying principle of 14 C measurements is that this radioisotope has become extinct in fossil fuel carbon, while its contemporary level is relatively constant. 13, 14 With a combination of organic tracers, detailed source apportionments of carbonaceous aerosols can be achieved via 14 C analysis. These data are very helpful to understand the evolution mechanisms of haze and SOC in the real atmosphere, with an aim of controlling pollutant emissions. So far, such studies are still scarce and have mainly been conducted in developed countries in Europe 15−18 or the United States. 19, 20 Only a few studies have been performed in Chinese cities 21, 22 or rural sites. 23, 24 Guangzhou (23.1°N, 113.3°E) is the largest city in the subtropical zone of southern China, with a population of ∼12 million. This city often suffers severe air pollution episodes: it has been reported that ∼150 days per year may be governed by haze particles in Guangzhou. 6 Previous studies have shown that local haze particles are significantly affected by industrial and vehicular emissions, 25, 26 while regional haze particles were strongly influenced by biomass burning. 26 However, unambiguous relative contributions of different emission sources cannot readily be estimated quantitatively. In this work, different carbon species (WIOC, WSOC, and EC) and water-soluble ions were measured, as well as three anhydrosugar isomers, i.e., levoglucosan (Lev), galactosan (Gal), and mannosan (Man), which are good markers of aerosols derived from biomass burning. 27, 28 Eight samples representing different has not yet been investigated in China. The objectives of this study are (1) to determine the chemical composition of PM2.5; (2) to apportion a relative contribution of fossil fuel and contemporary carbon to carbonaceous aerosols using 14 C measurements and organic tracers; and (3) to provide an insight into the formation of haze particles and SOC. 
Sampling campaign
The sampling site is located at an urban site (Guangzhou Institute of Geochemistry, GIG) in Guangzhou, China (Figure 1) , where no obvious point emission sources are found nearby. On the roof of the GIG library building (∼20 m height), 48 daily 24-h PM2.5 samples, as well as three field blank samples 
Chemical analysis
To obtain the WSOC, EC, and WIOC fractions from a single punch filter, a circular section of the punch filter was clamped in place between a filter support and a funnel and then ultrapure water was slowly passed through the punch filter without a pump, allowing the WSOC to be extracted delicately. The remaining carbon on the filter was identified as WIOC or EC by an OC/EC analyzer (Sunset, U.S.) (Supporting Information, SI). WSOC was quantified as the total dissolved organic carbon in solution using a total organic carbon (TOC) analyzer (Shimadzu TOC_VCPH, Japan) following the nonpurgeable organic carbon protocol. We found that 100 mL of ultrapure water could remove ∼100% of WSOC, extracted by soaking for 12 h (SI Table S1 ). Thus, 100 mL of ultrapure water was used for experiments.
Methods associated with the analysis of water-soluble ions (Na 
Radiocarbon measurements
Isolation systems for WIOC and EC with regard to 14 C measurements at the Guangzhou Institute of Geochemistry have been described previously, 23, 33 and details are provided in the SI. WSOC solution was frozen in a 40-mL glass vial and freeze-dried to dryness at −40 °C for 24 h using a freeze-dryer. A smaller quantity of water in solution favors the drying and transfer of WSOC in subsequent procedures; thus, 20 mL of ultrapure water, which could remove ∼90% of WSOC (SI Table S1 ), was used to extract WSOC here. The WSOC residue was redissolved with ∼500 μL of ultrapure water and then transferred to a precombusted quartz tube, which was then placed in the freeze-dryer. After that, the quartz tube was combusted at 850°. Water extraction was performed at a clean bench (SW-CJ-1FD, Suzhou Purification Equipment Co., Ltd.).
Finally, the corresponding evolved CO2 (WIOC, EC, and WSOC) was cryotrapped, quantified manometrically, sealed in a quartz tube and reduced to graphite at 600 °C using zinc with an iron (200 mg, Alfa Aesar, 1.5−3 mm, 99.99%) catalyst 34 for accelerator mass spectrometry (AMS) target preparation.
Approximately 200 μg of carbon was prepared for each carbon fraction. The preparation of the graphite target was performed at the GIG, and the determination of the isotopic ratio was conducted at Peking University using a NEC compact AMS. and Jan. [17] [18] . A process of PM2.5 accumulation is observed during Jan. 04 to Jan. 12 when wind speeds are moderate and stable, of which synoptic conditions apparently beneficial to the accumulation of particles derived either from local or regional sources. OC/EC ratios also show an increasing trend during this period, which is likely due to the input of biomass burning aerosols evidenced by higher Lev/OC. However, OC/EC rises to the highest ratio even when Lev/OC declines visibly (Jan. 09-12) during this period, which we attribute to the OC enrichment during SOC formation. This example suggests that the haze formation in Guangzhou is highly complicated and may be triggered by multiple sources and atmospheric processes. Other episodes with high PM2.5 level (>100 μg/m 3 ) show a similar behavior.
14 C results: fraction of modern carbon (fm)
To which is similar to that observed in normal samples with the lowest PM2.5 levels.
Unlike GIG02 and GIG08, samples GIG06 and GIG07 were collected step by step through an accumulation process from Jan. 04 to Jan. 12 ( Figure 2) , experiencing a significant impact from biomass-burning particles based on the higher Lev/OC ratios. According to their wind speed, these aerosols were transported from outside of Guangzhou.
The variability of fm(WIOC) and fm(WSOC) is much smaller than that of fm(EC), with relative standard deviations of ∼9% and ∼4%, respectively. Still, the fm(WIOC) and fm(WSOC) values for GIG08 and GIG02 are slightly lower than those for GIG06 and GIG07, which may be explained as follows. TC emitted by biomass burning is significantly enriched with OC (∼80%), 16 while the OC content is reduced to ∼30% (consisting mainly of WIOC) in traffic exhaust, 14 which contributes to the fact that OC is dominantly controlled by contemporary carbon in both rural 24 and urban areas. 13, 15 We thus assume that the fossil OC emitted in Guangzhou is not sufficient to cause a detectable change in fm(WIOC) and fm(WSOC). In addition, ambient temperature and humidity may also have an influence on fm(WIOC) and fm(WSOC) due to the formation of SOC, which we will discuss in the following sections.
Source apportionment based on 14 C
On the basis of fc values (Table 2) , the carbon fractions can be divided into fossil (f) and nonfossil (nf) sources. Because EC is derived from only biomass burning (bb) and fossil fuel combustion, the fraction of nonfossil fuel EC is expressed as ECbb here. Figure 4 displays the relative contributions of fossil and nonfossil sources to the EC, WSOC, and WIOC fractions in winter in Guangzhou. On average, WIOCnf is the largest contributor to the TC, accounting for 29 ± 3%, followed by WIOCf (22 ± 6%), WSOCnf (22 ± 7%), WSOCf (11 ± 4%), ECf (14 ± 6%), and ECbb (3 ± 1%). The contribution of fossil fuel sources to WIOC (40 ± 6%) is slightly lower than that of nonfossil sources (60 ± 6%). This is comparable to previous studies conducted in European urban cities such as Göteborg (55 ± 8%) 15 and Zürich (70 ± 7%). 37 Most of the WSOC (67 ± 3%) is derived from nonfossil fuel emission sources in this study, which is reasonable because OC directly emitted from the combustion of fossil fuel is mainly water insoluble. 10 However, these values are lower than those observed in European and American cities (∼70−85%); 10, 15, 37 this variation is likely because more tracer for SOC in urban regions.
11,39
As expected, in Guangzhou, EC is largely dominated by the combustion of fossil fuel (71 ± 10%), which is comparable to other studies performed in cities around the world, such as Beijing (83 ± 4%), 22 Göteborg (89 ± 3%), 15 Zürich (75 ± 5%), 40 and represents a value much higher than found in samples collected at rural stations (25−50%) in southern China 24 and southern Asia (45−52%). 41 The ECf content of GIG02 (22%) and GIG08 (17%) is ∼2−4 times higher than in other samples (5−10%), which can be attributed to the significance of local sources for GIG02 and GIG08. On the contrary, no significant differences between the samples are observed for ECbb (2−4%). Due to the substantial invasion of biomass-burning particles from Jan. 04 to Jan. 12, the relative contribution of WIOCf declined gradually from 27% (GIG04) and 20% (GIG05) to 13% (GIG06 and GIG07), and the WSOCf and WSOCnf content increased;
these changes indicate that more SOC had been formed. Similar carbon compositions are observed for GIG01 and GIG03, most likely because these two samples come from more remote regions characterized by both the lowest Table S2) due to differences in cellulose content. On the basis of the ratios of the three anhydrosugar isomers, 28 biomass-burning aerosols in Guangzhou mainly originate from hardwood combustion (SI Table S2 ). Therefore, an (OC/Lev)bb ratio of 7.76 ± 1.47 (SI Table S2 ) was used to calculate OCbb in this study. As expected, GIG04, GIG05, GIG06, and GIG07 had the highest OCbb content relative to OC (30−50%), as these samples were obviously impacted by biomass burning. Lower proportions were found for samples influenced by local sources (GIG02 and GIG08, 20−30%) and samples from remote areas (GIG01 and GIG03, <20%).
Contributions of fossil fuel and biogenic carbon to SOC
One of the scientific issues associated with SOC in the urban atmosphere is the relative contributions of fossil and nonfossil precursors, which has been discussed intensively for a long time. However, there is still no method available to measure the SOC derived directly from these two sources. The combination of fm(OC) analysis with aerodyne aerosol mass spectrometer measurements has previously allowed the sources of semivolatile oxygenated organic carbon (SV−OOC) to be quantified as 71% fossil and 29% nonfossil in Los Angeles. 20 Recently, Zhang et al. reported that WSOCf can serve as a good proxy of fossil fuel SOC (OCf_sec), 24 based on previous observations that OC freshly emitted from the combustion of fossil fuel is mostly water insoluble. 10, 44, 45 In this study,
WSOCf is significantly correlated with 2,3-dihydroxy-4-oxopentanoic acid (r = 0.95, p < 0.01, SI Figure S1 ), which further validates the understanding that WSOCf originates from the atmospheric oxidation of fossil VOCs. No significant correlation (r = 0.42, p = 0.31) was found between WSOCf and ECf (SI Figure   S2 ), which demonstrates that WSOCf is formed by atmospheric reaction rather than direct emission. Thus, WSOCf can reasonably be regarded as OCf_sec.
Compared with OCf_sec, the estimation of OCbio_sec is more complicated due to the inclusion of OCbio_pri in OCbio. Here, OCbio is significantly correlated with most biogenic SOA tracers at confidence levels of 95% and 99% (SI Figure S1 ), which indicates that OCbio likely consists largely of OCbio_sec. OCbio also correlated well with temperature (r = 0.93, p < 0.01), providing further evidence for the dominance of OCbio_sec within OCbio, as SOC formation is more favorable at higher temperature. In addition, according to previous studies based on direct measurements of OCbio_pri, the proportion of OCbio_pri generally accounted for only ∼1−5% of OC in fine particles in Europe 16 and ∼1% in China. 46 Thus, OCbio_pri has frequently been neglected when calculating SOC concentrations; 44, 47 this approach is adopted here as well. Table 3 shows the respective SOC concentrations calculated from 14 C values and SOA tracers.
On average, SOCM+I+β and SOCA explain 19 ± 8% of OCbio_sec and 19 ± 7% of OCf_sec, respectively. Because SOC values derived from SOA tracers (SOCM+I+β plus SOCA) accounted for only 14 ± 6% of the OC in this study and because this proportion seems to be much lower than that observed in previous studies conducted in winter in southern and northern China (30−60%), 48, 49 we assumed that the SOC values based on these SOA tracers is underestimated. A similar low value (∼10%, on average) based on the SOA tracer method was reported in another study in fall and winter in Guangzhou. 31 Several factors could explain this result. First, the large discrepancy between ambient conditions in the real atmosphere and in chamber experiments may lead to large uncertainties for the fsoc values of SOA tracers. Second, some important fossil aromatic VOCs are missing. In the chamber experiment, only toluene was taken into account as an aromatic VOC. However, toluene accounted for only ∼20% of the total aromatic VOCs emitted from vehicles during a tunnel study conducted in a southern
Chinese city. Therefore, neglecting VOCs derived from biomass burning would also underestimate the contemporary SOC fraction, especially in winter when biomass burning is the most severe.
In this study, 46 ± 15% of OC could be explained by SOC (OCbio_sec plus OCf_sec), which is comparable to results obtained in other studies performed in
Guangzhou during the winter season (36−42%). 49 As mentioned above, due to longer transport times, GIG01 and GIG03 have the largest SOC content relative to OC, ∼60% and ∼66%, respectively. The relative contribution of OCf_sec to total SOC is 33 ± 11%, and the corresponding value for OCbio_sec is 67 ± 11%, demonstrating that VOCs derived from biogenic/biomass burning emissions are the dominant contributor to SOC in Guangzhou, despite the importance of fossil emissions. The OCbio_sec contribution calculated here is lower than the previous global inventory (∼90%), 20 formation of OCf_sec and OCbio_sec due to changes in relative humidity. 44 Therefore, lower relative humidity should favor the formation of OCf_sec over
OCbio_sec. In this study, humidity has a negative impact on OCf_sec/SOC (except for GIG03 and GIG04) ( Figure 5 ), which supports the above hypothesis.
Obviously, the OCf_sec/SOC ratio for GIG04 is much higher than expected. This is because the temperature of GIG04 was the lowest (5.8 °C) during sampling (Figure 2) , which limits the emission of biogenic VOCs, while emissions should be independent of temperature for fossil-derived VOCs. Although the temperature of GIG03 was also very low, its OCf_sec/SOC ratio is lower than expected. Given that this sample was collected when the wind speed was the highest and had the longest atmospheric transport time (Figure 1) , we assume that a large fraction of the SOC from GIG03 may have been formed during transport, and the local humidity may play a limited role in the competing effects of formation for OCf_sec and OCbio_sec. 32 Since only 3-hydroxyglutaric acid and pinonic acid that accounted for 26.5% of all monoterpene SOA tracer 32 were analyzed in here, the fsoc of monoterpene suggested for 0.231 in chamber experiment was transferred to 0.061 based on this proportion. 
